The complete mitochondrial DNA (mtDNA) molecule of the gorilla was sequenced. The entire sequence, 16,412 nucleotides, was determined by analysis of natural (not polymerase chain reaction) restriction fragments covering the whole molecule. The sequence was established from one individual and thus nonchimeric. After comparison with the CO11 gene of gorilla specimens with known geographical origin, the sequence was identified as characteristic of the Western lowland gorilla, Gorilla gorilla gorilla. With the exception of the NADH2 gene, all genes have a methionine start codon. The inferred start codon of NADH2 is ATT (isoleucine). The COIII, NADH4, and cytochrome b genes are not terminated by a stop codon triplet, and the CO1 gene is probably terminated by an AAA triplet rather than by a regular stop codon. The great majority of genie sequences (rRNAS, peptide-coding genes, tRNAs) of the complete mtDNAs of Gorilla, Pun, and Homo show a greater similarity between Pun and Homo than between either of these genera to Gorilla. The analysis of the peptide-coding genes suggests that relative to comparison between Homo and Pun a certain degree of transition saturation has taken place in codon position 3 in comparisons between Gorilla to either Homo or Pun.
Introduction
Recent studies on mitochondrial DNA (mtDNA) of the gorilla (Ruvolo et al. 1994 ) have revealed striking molecular differences among the three acknowledged subspecies, the Western and Eastern lowland gorillas and the mountain gorilla. The molecular differences have suggested evolutionary divergences of 1.5 million years or more between different subspecies. Relative to the limited morphological distinctions among the three subspecies these evolutionary divergences are noteworthy. The results, like similar findings in the common chimpanzee (Morin et al. 1994) , demonstrate the difficulties in distinguishing and dating evolutionary divergences only on the basis of traditional morphology.
Given the marked subspecies distinctions within both the chimpanzee and the gorilla, one should be aware of the potential complications conjunct with the use of chimeric sequences in molecular comparisons. As pointed out by Arnason, Xu, and Gullberg (1996) chimerit sequences have been reported for both Homo and other hominoids (Anderson et al. 198 1; Horai et al. 1995) , and it is evident that the use of such data may complicate the picture of not only phylogeny reconstruction but also population-level studies and estimates of divergence times. In the present study we describe the complete mtDNA sequence of a hominoid, the Western lowland gorilla, Gorilla gorilla gorilla, that, like the common chimpanzee reported previously (Arnason, Xu, and Gullberg 1996) has been characterized at the subspecific level. A complete mtDNA sequence of the gorilla has been presented by Horai et al. (1995) . That sequence, however, includes previously published data of other authors. Therefore, some of the accumulated data may represent different subspecies.
Comparisons among and within closely related species are of particular value for the understanding of molecular evolutionary dynamics of mtDNAs that are still unsaturated with respect to nucleotide (nt) substitution, and the issue of the HomolPanlGoriZZa relationship has been one of the most contentious in the history of molecular systematics. In the present paper we establish, on the basis of cloned natural (not polymerase chain reaction [PCR] ) restriction fragments of mtDNA from one individual, the degree of mtDNA difference among the three species and detail these differences with respect to individual mitochondrial genes. We address also the problems associated with the use of uncloned PCR products for sequencing heteroplasmic mtDNA regions.
Materials and Methods
DNA, enriched with respect to mtDNA, was isolated from frozen kidney tissue of two gorilla specimens (YN90-225 female, YN90-47 male) following the procedure used by Arnason, Gullberg, and Widegren (1991) . The samples were generously provided by Dr. Harold M. McClure, Yerkes Regional Primate Research Center, Atlanta, Georgia.
The mtDNA of the female specimen was sequenced in its entirety. The sequencing was based on 28 unique clones (BcZI, BZnI, SpeI, XbaI), most of which were represented several times in the collection. All regions of the molecule were represented by a minimum of two clones. Sequencing was performed manually applying the dideoxy termination technique (Sanger 1981 ) with 35SdATP, using both universal and numerous specific sequencing primers. In the case of the male specimen the complete control region was sequenced after PCR amplification and subsequent cloning in M13. The PCR clones were identical except for a variable number of Cs (L-strand) in two parts of the control region.
The accession number of the complete mtDNA sequence of the gorilla is X93347 and that of the control region of the male specimen X93348. Users of the sequences are kindly requested to refer to the present paper and not only to the accession numbers.
Results
The length of the reported gorilla mtDNA molecule is 16,412 nt and its nt composition (L-strand) in percent is A = 30.9, C = 30.7, G = 13.1, T = 25.3. The composition of the control region in percent is A = 29.5, C = 32.7, G = 15.0, T = 22.8.
Outside the control region the organization of the molecule conforms to other complete mammalian mtDNAs that have been reported, including Homo (Anderson et al. 198 1; Horai et al. 1995; Arnason, Xu, and Gullberg 1996) , mouse (Bibb et al. 1981) , cow (Anderson et al. 1982) , rat (Gadaleta et al. 1989) , fin whale (Arnason, Gullberg, and Widegren 1991) , harbor seal (Arnason and Johnsson 1992), grey seal (Arnason et al. 1993) , blue whale (Arnason and Gullberg 1993), opossum (Janke et al. 1994) , horse (Xu and Arnason 1994) , hedgehog (Krettek, Gullberg, and Arnason 1995) , chimpanzee (Horai et al. 1995; Arnason, Xu, and Gullberg 1996) , and gorilla and orangutan (Horai et al. 1995) .
The extents of the different features of the complete mtDNA molecule were determined by analogy with other complete hominoid mtDNAs sequenced by our group, and in the case of the tRNA genes by comparison with the tRNA survey of Kumazawa and Nishida (1993) . Like the human and chimpanzee sequences (Arnason, Xu, and Gullberg 1996) , the gorilla has ATT (isoleucine) as start codon of the NADH2 gene. Other peptide-coding genes have a methionine start codon. The CO1 gene of the gorilla is terminated by an AAA codon contrary to Homo and chimpanzee, which both have a regular stop codon, AGA. The AAA identity of the codon in the gorilla is consistent with the sequence reported by Horai et al. (1995) . The COIII, NADH4, and cytochrome (Cyt) b genes of the gorilla are not terminated by a complete stop codon. This is consistent with Homo and the chimpanzee.
The Assignment of the Gorilla Specimen to Subspecies Gorilla gorilla gorilla
In a recent phylogenetic study Ruvolo et al. (1994) analyzed the complete CO11 gene of several hominoids including Gorilla. The gorilla specimens, which were known with respect to their geographical origin, represented the Western and Eastern lowland gorillas and the mountain gorilla. Comparison between the CO11 gene of the complete molecule presently reported and the sequences described by Ruvolo et al. (1994) shows that the present sequence and the Western lowland sequence Ggo4 (Ruvolo et al. 1994 ) differ by just one substitution, viz. a G/C nonsynonymous transversion in position 5 17 of the CO11 gene. The substitution is in codon position 1. There are six differences, all transitions, between the present sequence and the Western lowland sequence Ggo3 reported by Ruvolo et al. (1994) . Two of the differences occur in the second and four in the third codon position. In position 5 17, the sequence presently described is identical with Ggo3. There are 23 differences between the presently reported sequence and that of the Eastern lowland gorilla (GgoS), and 21 differences relative to the mountain gorilla (Ggo6). On the basis of these overall distance comparisons we have identified the complete molecule now presented as that of the Western lowland gorilla, Gorilla gorilla gorilla.
Comparison with a Previously Reported Complete mtDNA of the Gorilla
The sequence of the Western lowland gorilla presently determined was compared with that described by Horai et al. (1995) . The two sequences differ at two positions in the CO11 gene. Based on this value and the data presented by Ruvolo et al. (1994) , we have concluded that the sequence reported by Horai et al. (1995) is also representative of the Western lowland gorilla. It should be observed, however, that the sequence presented by Horai et al. (1995) is chimeric. While the largest part of the molecule has been sequenced by Horai et al. (1995) , the 12s rRNA gene described by Hixson and Brown (1986) , as well as the control region reported by Foran, Hixson, and Brown (1988) , have been incorporated into that complete sequence.
The control regions of the two complete mtDNAs are shown aligned in figure 1 . Horai et al. (1995) hypothesized that, relative to other hominoid sequences, there is a large deletion in the control region of the gorilla mtDNA. The account of Horai et al. (1995) is complicated by the fact that they have not included a 32-nt portion of the sequence reported by Foran, Hixson, and Brown (1988) . Although its location was not specified, we have located the "deletion"
to positions 139-169 of the control region. After complementing the control region included in Horai et al. (1995) , the two control regions differ by 45 transitions, 4 transversions, and 13 indels (insertions or deletions). Garner and Ryder (1992) , in a survey of the control region of the Gorilla (Western and Eastern lowland gorillas, mountain gorilla), assign the sequence reported by Foran, Hixson, and Brown (1988) to the Westen lowland gorilla. The dissimilarity between the sequences shown aligned in figure 1 is surprisingly great considering the fact that the two (female and male) complete control regions sequenced by us differed by only a single transition. If both sequences of figure 1 are representative for the Western lowland gorilla, it is evident that the mtDNA control region of this subspecies is highly polymorphic.
Outside the control region there are 49 differences between the two complete mtDNA sequences, of which 40 are transitions, 7 transversions, and 2 indels. Seven of the differences (five transitions, one transversion, and one indel) occur in the 12s rRNA gene incorporated from Hixson and Brown (1986) . The indel is in a region where we identify a run of five Cs (L-strand) as compared with four Cs in the sequence presented by Horai et al. (1995) . The other indel observed occurs in a run of six As in our sequence, as compared with five As in the sequence reported by Horai et al. ( 1995) . The run of As is located in a nongenic region between tRNASer(UCN) and tRNA-Asp.
There are five transitional differences in the 16s rRNA gene of the two specimens. In the peptide-coding genes the two sequences differ at 36 positions, 19 of which are nonsynonymous nt substitutions (table 1) . The number of differences in first Foran, Hixson, and Brown (1988) and incorporated in Horai et al. (1995) , below. The underlined part of the control region sequenced by Foran, Hixson, and Brown (1988) was not included in the complete sequence reported by Horai et al. (1995) . Each line has 100 characters. Number 1 has been allocated to the 5' -end nucleotide of the control region (L-strand). Indel (insertion or deletion) differences between the two sequences are shown by (-). The control region of another specimen (male) of the Western lowland gorilla differed from the female sequence by a single C/T transition in position 79. and second codon positions, and hence also the number of amino acid (aa) differences between the two sequences, is unexpectedly large relative to the number of nt differences in codon position 3.
Comparison
Among the mtDNAs of Homo, Pun, and
Gorilla
We have reported previously the mtDNAs of three pairs of closely related species, namely the harbor and grey seals, the fin and blue whales, and Homo and the common chimpanzee. The lower limit for the divergence of the three seals is at about 2.7 MYA and they are, therefore, much more closely related than are Homo and the common chimpanzee, which according to the same calculations diverged 6.1 MYA (Arnason et al. 1996) . The molecular difference between the two whales, which occasionally produce viable offspring (Arnason et al. 1991; Spilliaert et al. 1991) , is slightly less than that between Homo and Pan. The harbor and grey seals are the most closely related species-pair for which the entire mtDNA molecule has been sequenced and divergence estimates proposed.
Comparison including all peptide-coding genes of the two seals and Homo and Pan shows that the ratios for nt substitution according to codon position are essentially the same for the two pairwise comparisons.
The transitionkransversion ratios for the third codon position of all peptide-coding genes are also similar for the two seals and Homo and Pan. We (Arnason, Xu, and Gullberg 1996) have, therefore, deduced on the basis of these findings that the mtDNAs of Homo and Pan are still largely unsaturated with respect to nt substitution.
Between Gorilla and Homo the difference outside the control region is lOS%, counting each gap as a single mutation irrespective of its length. The corresponding figure for Gorilla/Pan is lO.O%, and that for Homo/ Pan 8.5%. The following account provides details of a comparison among the 12s and 16s rRNA genes, the tRNA genes, and the peptide-coding genes of the three species. The comparisons are based on the three complete mtDNAs sequenced in our laboratory. Details of pairwise differences between the 12s and 16s rRNA a Ti = transitions. h TV = tranversions genes and the concatenated tRNA genes of Homo, Pun, and Gorilla are shown in table 2. It is notable that the 12s rRNA genes of the three species are about equally different from each other. In the two other sets of sequences there are considerably greater differences between Gorilla and either Homo and Pun than between the two latter species, consistent with the accepted phylogenetic relationships among the three species based on complete mtDNAs (Horai et al. 1995; Arnason et al. 1996) .
Pairwise differences between the peptide-coding genes of the three species are shown in Non.-The length of the 12s rRNA genes is 954 nt in Homo, 956 nt in Pan, and 950 nt in Gorilla. The corresponding lengths of the 16s rRNA gene are 1,559, 1,558, and 1,558 nt, respectively. The combined length of the tRNA genes is 1,508 nt in all species. Ti = transitions; TV = transversions.
the evolution of individual genes may differ considerably from the means provided by all mitochondrial peptide-coding genes.
As mentioned above, we have documented great similarity in the pattern of molecular difference between the closely related harbor and grey seals. Setting the seal divergence at 2.7 MYA (lower limit) suggests that Homo and Pun diverged 6.1 MYA. Using the same approach for dating, we have proposed that the separation between the Gorilla lineage and that leading to Homo/ Pun took place 8.4 MYA (Arnason et al. 1996) . These datings were based on nonsynonymous substitutions. When the differences between the peptide-coding genes of Homo and Pun are compared with those between Gorilla and either Homo or Pun, the results suggest a certain degree of third codon position transition saturation in the comparisons including Gorilla. This is evident in the Ti/Tv ratio for codon position 3, which in the Homo/ Pun comparison is 14.2. For Homo/Gorilla the corresponding ratio is 7.3, and for Pun/Gorilla it is 7.5. In the Homo/Pun comparison the ratio for conservative nt substitutions between third and second codon positions is 0.8. The corresponding ratio for HomolGoriZZu is 1.3, and that for Pun/Gorilla 1.4. The values show that distance values based on total nt differences should be taken with caution even when dating divergences as recent as that between Gorilla and Pun/Homo.
Analyses of PCR-Amplified
Regions Containing Runs of Cs (Gs) The present sequencing of the mtDNA of the gorilla, as well as our analyses of the common chimpanzee (Arnason, Xu, and Gullberg 1996) , have identified some sequence differences relative to sequences previously published. The differences have been particularly pronounced in regions, such as control region of hominoid mtDNAs and parts of the 12s rRNA gene, which include runs of Cs (L-strand) and which may be difficult to resolve when the H-strand is used as a template.
In the present study we examined the consistency of the number of Cs in two parts of the control region of the gorilla. The regions correspond to positions 143-162 and 772-784, respectively, of the female sequence shown in figure 1. The use of the G rich H-strand as template does not allow resolution of these regions, mtDNA of Western Lowland Gorilla 695 NOTE.
--Lengths are in nucleotides. Conservative nucleotide differences (Irwin, Kocher, and Wilson 1991) comprise all substitutions in codon position 1 except those involving leucine transitions, all substitutions in codon position 2, and transversions in codon position 3. Values below each column show the mean values for the combined length of all genes, not the arithmetic mean for the 13 genes.
which, therefore, were sequenced using the L-strand as template. In position 143-162 the two natural (not PCR) clones of the female had 8C-2T-1OC. Of six PCR clones of the male four were identical to the natural (not PCR) clones of the female, whereas two of the male clones had 8C-2T-11C. One of the latter clones with 8C-2T-1 IC was PCR amplified and subcloned. Of eight clones sequenced six had 8C-2T-1 lC, whereas the remaining two had 7C-2T-11C. In position 77 l-783 of the control region the two natural (female) clones had 13C. Also this region of the male specimen was PCR amplified and cloned. Of six clones analyzed, two had 1 lC, three 13C, and one 15C. The clone with 15C was PCR amplified and subcloned.
Of 24 clones sequenced 1 had 9C, 1 IOC, 3 12C, 2 13C, 4 14C, 11 15C, and 2 16C.
Discussion
Phylogenetic analyses of complete hominoid mtDNA molecules (Horai et al. 1995; Arnason, Xu, and Gullberg 1996) , have identified a sister-group relationship between Homo and Pan to the exclusion of Gorilla. The present results are in accord with those findings. They are also in accord with a split between Homo/Pan and Gorilla of 8.4 MYA, given that Homo and Pan diverged 6.1 MYA (Arnason et al. 1996) . As demonstrated by the total peptide-coding gene data of table 3, Gorilla is equidistant both to Homo and Pan, although the individual gene values may deviate from the pattern of all genes combined. Apart from the NADH6 gene, which is located on the opposite strand relative to the remaining genes, the values for the Cyt b gene frequently used in phylogenetic analyses is an example of distance values that deviate from the pattern provided by the combined sequence data.
Our comparisons based on the combined data of all 13 peptide-coding genes show striking agreement of the values for the difference between Gorilla and Homo and Gorilla and Pan. This is particularly noteworthy considering the deviations that may occur among the values for single genes. The findings show that due to potential fluctuations in short sequences the results of phylogenetic analyses or population studies based on limited sequence data should be interpreted with caution.
The dissection of nucleotide substitutions according to codon position (table 4) provided details of the differences among all peptide-coding genes of Homo, Pan, and Gorilla. The data, in conjunction with the pairwise comparisons of the harbor and grey seals and the fin and blue whales, have made it possible to establish the substitution rate according to codon position and type of substitution (transition, transversion), in all peptide-coding genes of mtDNA. This rate, as expressed by the ratios for total substitution and conservative nucleotide substitution, respectively, has been shown to be reasonably consistent for all pairwise comparisons carried out so far. It should be noted that the Ti/Tv ratio for codon position 3 is considerably lower for the comparisons GoriZZalPan (7.5) and GoriZZalHomo (7.3) than for Homo/Pan (14.2). The results suggest an increased degree of transition saturation in the comparisons involving Gorilla.
Our approach for determining the sequence of the mtDNA of the Gorilla differs technically from that applied by Horai et al. (1995) . In our case an enriched mtDNA fraction was isolated from solid tissue before restriction digestion and cloning, whereas Horai et al. (1995) used PCR amplification.
We have made particular efforts to check all differences relative to the sequence reported by Horai et al. (1995) , and in the sequence reported by us all these positions have been determined without ambiguity in a minimum of two clones. While the discrepancies between the peptide- NOTE.-Ti = transitions; TV = transversions; a = substitutions involving leucine in both species; b = other nt substitutions. Cons nt sub: conservative nucleotide substitutions (Irwin, Kocher, and Wilson 1991) . R. = ratio.
Ratios for total nt substitution and for conservative nt changes are based on the values for codon positions 1 and 3, respectively, divided by the value for codon position 2.
mtDNA of Western Lowland Gorilla 697 coding genes of the sequence determined by us and that determined by Horai et al. (1995) are limited and would not affect phylogenetic analyses, it is evident that differences of this kind, if artifactual, will have a profound effect in population studies if the complete sequences used are chimeric and represent different subspecies. The high degree of difference between the control regions of the two complete molecules is unexpectedly great. Therefore, if both our sequence and that incorporated from Foran, Hixson, and Brown (1988) are representative of the Western lowland gorilla, it is evident that the polymorphism within this subspecies is distinctly greater than that of other hominoid subspecies. The difference between the two sequences is actually similar to that recorded between Pan troglodytes troglodytes and Pan troglodytes verus, the two subspecies of the common chimpanzee that separated evolutionarily = 1.5 MYA (Morin et al. 1994) . The difference between the control regions of the two complete gorilla sequences can also be considered in the light of our own finding that another control region of the Western lowland gorilla (male specimen) sequenced by us differed by only a single transition in relation to the control region of the complete (female) sequence.
The present analyses have demonstrated that PCR products from two particular portions of the control region of the gorilla are heterogenous with respect to the number of Cs (Gs). Differences of this kind may be due to heteroplasmy (i.e., the occurrence, in the same individual, of mtDNA molecules with different constitution) caused by inexact polymerase reading in PCR or sequencing reactions or an effect of phage propagation. Deletion events during phage propagation have been recorded in ribosomal gene inserts (Arnheim and Huehn 1979) . It should be observed, however, that in some of the cases examined by us there was an increase rather than a decrease in the number of nucleotides.
Irrespective of the cause of the variable numbers of Cs (or Gs) observed, the present findings demonstrate that direct sequencing of PCR products should not be applied to regions that have long runs of Gs in the template, or regions where heteroplasmy might occur. The reason for this is that direct sequencing based on templates of this kind will either produce unresolvable sequences or sequences showing artificial differences.
